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Chondrosarcomas are malignant cartilaginous tu-
mors arising centrally in bone (central chondrosar-
coma), or secondarily within the cartilaginous cap of
osteochondroma (peripheral chondrosarcoma). We
previously used DNA flow cytometry to demonstrate
that near-haploidy is relatively frequent in peripheral
chondrosarcomas. We performed fluorescence in situ
hybridization (FISH) to interphase nuclei using cen-
tromeric probes, a genome wide loss of heterozygos-
ity (LOH) analysis, and comparative genomic hybrid-
ization on five peripheral chondrosarcomas. We
demonstrated near-haploidy in two low-grade tumors
with only one copy and LOH of most chromosomes.
Few chromosomes are disomic, with retention of het-
erozygosity and overrepresentation at comparative
genomic hybridization. One tumor contains both a
near-haploid clone with chromosomes in monosomic
and disomic state, and an exactly duplicated clone. Two
high-grade tumors clearly demonstrate polyploidiza-
tion because most chromosomes show LOH and two
copies at FISH, whereas few chromosomes have four
copies with retention of heterozygosity. Using DNA
from a relative, we demonstrate that chromosome loss
is random regardless of parental origin. Using FISH on
paraffin slides, we exclude near-haploidy to result from
meiosis-like division in binucleated cells, characteristic
for chondrosarcoma. In conclusion, our results indicate
that near-haploidy characterizes the progression from
osteochondroma toward low-grade chondrosarcoma.
Moreover, further progression toward high-grade
chondrosarcoma is characterized by polyploidization.
(Am J Patbol 2000, 157:1587-1595)

Chondrosarcoma, the second most common primary ma-
lignant bone tumor after osteosarcoma, is a malignant
cartilage-forming tumor occurring predominantly in
adults. The majority of chondrosarcomas develops de
novo and is located centrally within the medullary cavity
(central chondrosarcoma). In contrast, ~15% arise within
the cartilage cap of a long-standing osteochondroma
(peripheral chondrosarcoma), mostly in patients suffering
from the hereditary multiple exostoses syndrome. Hered-
itary multiple exostoses syndrome is a familial disorder
with an autosomal dominant mode of inheritance.’* Ma-
lignant transformation is estimated to occur in 1 to 5% of
osteochondromas.

The development of peripheral chondrosarcoma re-
sults in genetic instability characterized by a high per-
centage of loss of heterozygosity (LOH) and a wide vari-
ation in DNA ploidy.® LOH in peripheral chondrosarcoma
most frequently involves the TP53 (80%), RB7 (71%), and
EXT1 (65%) loci.® In contrast, peridiploidy and a low
percentage of LOH in central tumors indicates that a
different oncogenic molecular mechanism may be oper-
ative.®

We have detected hypodiploidy, which is uncommon
for human solid tumors, in 29% of peripheral chondrosar-
comas and not in central chondrosarcomas.® Others
mention hypodiploidy in 8 to 31% of chondrosarcomas
without further subclassification.®~® Near-haploidy, which
is a very rare phenomenon in human solid tumors in
general, is found especially in low-grade peripheral
chondrosarcomas (DNA index, 0.56 and 0.70).°

Most of the near-haploid solid tumors documented
cytogenetically (carcinomas as well as sarcomas) show
polyploidization of the near-haploid stem line.'®~'2 In our
original series we could demonstrate a hypodiploid frac-
tion (DNA index, 0.76) as well as a polyploid fraction
(DNA index, 1.56) in one tumor.® This led us to postulate
that high-grade peripheral chondrosarcomas with high
percentages of LOH may have evolved from polyploidiza-
tion of near-haploid clones.

Our goal was to further investigate near-haploidy in
low-grade peripheral chondrosarcoma and to confirm
polyploidization in high-grade peripheral chondrosar-
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Table 1. Clinicopathological Data of the Five Patients
Case DNA index* Grade Age'’ Sex Location Follow-up (months) HMET
114 0.56 I 42 M Right proximal femur 51 NED* Yes
408 0.70 Il 38 M Costa 17 NED and 29 alive No
178 0.76 + 1.56 Il 50 F Costa 121 NED Yes
262 1.22 111 61 F Right scapula 51, had 3 recur® at 27, yes
40, and 47 months,
and now lung
metastases
215 1.32 111 40 F Left scapula 47 NED, had 4 recur® No
at 6, 15, 21, and 28
months

*DNA index measured by DNA flow cytometry as described previously.®

TAge: age at diagnosis.
*NED: No evidence of disease.

SRecur: local recurrence. All local recurrences, as well as the metastases were surgically treated.

THME: hereditary multiple exostoses.

coma. We present an estimate of chromosome copy
numbers studied by fluorescence in situ hybridization
(FISH) to interphase nuclei, relative copy numbers stud-
ied by comparative genomic hybridization (CGH) and
genome-wide LOH studied by microsatellite analysis for
five peripheral chondrosarcomas.

Materials and Methods
Clinicopathological Data

We previously documented 19 peripheral and 12 central
chondrosarcomas, for which fresh-frozen tumor tissue
and normal DNA were available, that were studied by
LOH analysis and DNA flow cytometry.® This study ren-
dered five peripheral tumors with either near-haploidy or
an unusually high LOH percentage that were selected for
the present study. Clinicopathological data are shown in
Table 1. For four cases primary tumors were used. Tumor
DNA of case 215 is derived from the first local recurrence,
because no suitable fresh-frozen material was available
from the primary tumor. DNA indices were defined by DNA
flow cytometry as described previously.® Examples of DNA
histograms are shown in Figure 1. Histological grading was
performed according to Evans et al.®

FISH

Isolation of interphase nuclei from fresh-frozen tumor tis-
sue was performed as described. Tumor percentages
were estimated on subsequent hematoxylin and eosin-
stained slides. The chromosome-specific centromeric re-
peats used as probes are listed in Table 2. They were
labeled by standard nick-translation (Boehringer Mann-
heim, Almere, The Netherlands) with digoxigenin-11-
dUTP or biotin-16-dUTP (Roche, Basel, Switzerland). Hy-
bridization was performed as described.' Hybridization
of biotin-labeled probes was detected in a three-step
reaction with streptavidin-Texas Red, biotin-labeled goat
anti-streptavidin and a second streptavidin-Texas Red
(Vector Laboratories, Burlingame, CA). The hybridization
of digoxigenin-labeled probes was detected in a three-
step reaction with mouse anti-dioxin, fluorescein isothio-
cyanate-labeled rabbit anti-mouse (Sigma-Aldrich Che-
mie, Zwijndrecht, The Netherlands) and fluorescein
isothiocyanate-labeled goat anti-rabbit (Vector Laborato-
ries). Slides were counterstained with 4,6-diamidino-2-
phenylindole. Slides with isolated interphase nuclei from
placental tissue served as positive controls and were
used to determine hybridization efficiency. For each hy-

0.56

Figure 1.Examples of flow cytometric DNA histo-
grams from nuclear suspensions.” DNA indices are in-
dicated. Left: case 114, demonstrating near-haploidy.
TR, trout red blood cells serving as internal standard.
Right: case 178 is shown, demonstrating two clones, a
hypodiploid clone of 0.76 and a polyploidized clone of
1.56. The trout erythrocytes peak overlaps with the
hypodiploid peak and is therefore not shown.
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Table 2. Estimated Chromosome Copy Number Based on Combined Information of Number of Centromeric Signals Found Using
FISH at Interphase Nuclei and Tumor Percentage (Shown in Italics)
Case

Repetitive Reference no. 114 408 178 262 215
Chromosome Probe family tum%.: 95% <50% 80% 75% 70%
1 pUC1.7 Satellite Il 63 1 1* 2 and 4 2 2
3 pa3.5 Alphoid satellite 64 NS NS NS 2 2
6 p308 Alphoid satellite 65 1 1* 1and 2 2 2
7 p7t1(ap7) Alphoid satellite 66 1 2 2and 4 2 3*
8 D8Z2 (ap8) Alphoid satellite 67 1 1* 2and 4 2 3*
9 pHUR98 (sp9) Satellite Il 68 1 2 2 and 4 2 2
10 D10Z1 (ap10) Alphoid satellite - 1 1* 1and 2 2 2
11 pLC11A Alphoid satellite 69 1 1* 1and 2 2 2
12 pa12H8 (ap12) Alphoid satellite 70 2 2 2and 4 4 2
15 D151 Satellite Il 71 2 2 2 and 4 2 4%
16 pHUR195 Satellite Il 68 1 1* 2and 4 2 2
17 p17H8 Alphoid satellite 72 1 1* 2 and 4 2 3*
18 L1.84 (#18) Alphoid satellite 73 1 2 2and 4 2 2
20 p3.4 Alphoid satellite - 1 2 NS 4 NS
X PBAMX5 (apX) Alphoid satellite 74 1 1 1and 2 4 1*
Y DYZ3 Alphoid satellite 75 1 0 0 0 0

*Many nuclei show two copies of the chromosomes, because of a high percentage of nontumor nuclei. NS: nonsuccessful hybridization.

bridization 200 nuclei were scored. Deformed nuclei
were excluded. To study chromosome division in binucle-
ated cells in chondrosarcoma and to investigate whether
meiosis or mitosis precedes the formation of binucleated
cells, for a male patient (case 408), FISH using a chro-
mosome X centromere probe was performed on paraffin
sections as described.'®

Microsatellite Analysis

Normal and tumor DNA were isolated as described.® A
single cell suspension from case 408 was used to sort the
aneuploid fraction on a fluorescence-activated cell sorter
(FACS Vantage cell sorter; Becton Dickinson, Mountain
View, CA) to enrich for the tumor cell fraction. DNA was

isolated as described.®'® Thirty-nine markers selected
from the Marshfield screening set, v6 (http://www
.marshmed.org/genetics), distributed over the chromo-
somes were used to investigate heterozygosity (Table 3).
Polymorphic markers are described in the Genome Da-
tabase (http://gdbwww.gdb.org). PCR and gel analyses
on an automated ABI377 DNA sequencer were per-
formed as described.’ LOH was scored when the quo-
tient of the ratios of both alleles of normal and tumor was
larger than or equal to 1.7."® Ratios between 1.3 and 1.7
were regarded inconclusive.'® To investigate whether
chromosome loss was randomly distributed or paternally
or maternally derived, DNA isolated from the father of
patient 178, obtained after informed consent, was in-
cluded.

Table 3. Thirty-nine Microsatellite Markers Used for the LOH Analysis

Marker Cytogenetic location Marker Cytogenetic location
D01S1595 1p21.2 D09S922 9g21.32
D01S518 1p31.1-1p31.3 D09S938 9922.31-9g31.1
D01S1612 1936.31 D1051435 10p15.3
D01S1663 1932.1-1g32.2 D11S51999 11p15.3
D01S551 1931.1 D1251052 12914.3-12g15
D01S547 1043 D13S787 13p11.2-13qg11
D0251363 2937.1-2937.2 D135285 13934
D025441 2913.3 D14S749 14931.3-14932.11
D0352460 3g13.31 D155816 15026.1
D04S2368 49321 D16S2622 16p13.3-16024.3
D0552494 5p13.3 D1751303 17p12
D05S2501 5g21.1-5g21.2 D17S5784 17p13.3-17925.3
D06S1053 6p12.1-6g11.2 D1751843 17912-17g21
D06S1277 6026 D18S851 18g21.1-18g22.1
D0751824 7934 D19S714 19p13.3-19q13.43
D07S550 7936.3 D20S477 20p13-20913.33
D0752846 7q32-7qter D2151446 21p13-21g22.3
D07S820 7921.11-7g21.2 D225689 22g12.1
D0751804 7931-7932 DXS6789 Xqg22.1
D08S136 8p22-8p11.1

Microsatellite markers were selected from the Marshfield Screening Set, v6 (http://www.marshmed.org/genetics). Cytogenetic locations were

retrieved from the genome database (http://gdbwww.gdb.org).
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Copy numbers for #1

Copy numbers for #15

Figure 2. The distribution of number of signals for centromeres of chromosome 1 and 15 over 200 counted nuclei in the different tumor samples compared to
the normal placenta control. The tumor percentage of case 408 is estimated at maximal 50%. Chromosome 1 in case 408 is estimated at one copy per tumor cell,
which is seen in only 57 of 200 nuclei counted. This is however elevated as compared to the placenta control.

CGH

Tumor DNA was isolated as described® and tumor per-
centage was estimated on subsequent hematoxylin and
eosin-stained slides. The CGH procedure was based on
the protocol described by Kallioniemi et al,*® with few
modifications as described previously.?"22 Briefly, test
DNA was directly labeled with fluorescein isothiocyanate-
dUTP and reference DNA was labeled with lissamine-
dUTP (Dupont-New England Nuclear, Boston, MA), both
by nick translation. Nick-translated fragment sizes
ranged from 400 to 2,000 bp. Two hundred ng of each
labeled DNA and 10 pg of Cot-1 DNA were hybridized to
normal metaphases and incubated at 37°C for 4 days.
Posthybridization washes were performed with 2X stan-
dard saline citrate at 37°C, followed by 0.1X standard
saline citrate at 60°C. Slides were counterstained with
4,6-diamidino-2-phenylindole in an antifade solution. Dig-
ital images were analyzed using QUIPS XL software from
Vysis (Downers Grove, IL). Underrepresentation of DNA
sequences was defined as chromosomal regions where
the average green-to-red ratio and its 95% confidence
interval were <0.9 whereas overrepresentation was de-
fined as >1.1. These threshold values were based on
measurements from a series of normal controls

Results
FISH

The estimated chromosome copy numbers based on
combined information of number of centromeric signals
found using FISH at interphase nuclei and the tumor
percentage are presented for each case in Table 2. As an
example of the diversity found, the distribution of num-
bers of centromeric signals over 200 nuclei in the differ-
ent tumor samples are shown for chromosomes 1 and 15
(Figure 2). Near-haploidy is confirmed in case 114 and
408 because most of the chromosomes demonstrate
monosomy. The estimation for case 408 is difficult be-
cause of the low tumor percentage estimated at maximal
50% using a hematoxylin and eosin cryostat section. This
value is probably overestimated considering the distribu-
tion of copy numbers over 200 nuclei counted (Figure 2).
Contamination with nonneoplastic cells in chondrosar-

coma is easily underestimated because of the often poor
quality of cryostat sections of bony material and the low
cellularity of cartilaginous tissue compared to highly cel-
lular contaminating bone marrow.®> Chromosomes 1, 6, 8,
10, 11, 16, and 17 are estimated at one copy per tumor
cell, which is seen in 48 to 71 of 200 nuclei counted. This
is elevated as compared to the placenta control (range, 7
to 15 of 200 nuclei with one spot) and to those chromo-
somes (7, 9, 12, 15, 18, and 20) that are clearly present
in duplicate (range, 5 to 23 of 200 nuclei with one spot).

Case 178 with two aneuploid clones (DNA index,
0.76 + 1.56) demonstrates either one and two copy
numbers (chromosomes 6, 10, and 11), or two and four
copy numbers (chromosomes 1, 7, 8, 9, 12, 15, 16, 17,
and 18). To further demonstrate the presence of two
populations in case 178 we performed hybridization si-
multaneously with a biotin-labeled probe for a chromo-
some present in two and four copies (chromosome 8 or
18) and a digoxigenin-labeled probe for a chromosome
present in one and two copies (chromosome 10 or 11).
Indeed we demonstrate that 52 of 100 nuclei contain two
copies of chromosome 8 and one copy of chromosome
11, whereas 23 nuclei contain four copies of chromo-
some 8 and two copies of chromosome 11 (Figure 3). The
remaining nuclei are derived from normal cells, demon-
strating two copies of each chromosome. Combining
chromosome 11 and 18 probes gives similar results.
Combining chromosome 10 and 11 demonstrate 54 of
100 nuclei with only one copy of each chromosome
whereas 29 nuclei demonstrate two copies of both chro-
mosomes.

We performed FISH on paraffin slides of a male patient
(case 408) using a sex chromosome (X) centromere
probe to investigate whether a meiosis or a mitosis pre-
cedes the formation of binucleated cells in chondrosar-
coma. Both nuclei of binucleated cells are shown to
contain one copy of chromosome X (Figure 3).

Microsatellite Analysis

Results of the LOH analysis are shown in Table 4, to-
gether with FISH and CGH results. Case 114 shows LOH
for most chromosomes tested. Chromosomes 12 and 15,
that present two signals at FISH at interphase nuclei,
demonstrate retention of heterozygosity. LOH is found at
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Figure 3. Left: FISH micrograph showing an example of case 178. Hybridization was simultaneously performed with a probe for chromosome 8 (present in either
two or four copies) and chromosome 11 (present in either one or two copies). Indeed we could confirm the presence of two populations. An example of the
smallest population, containing four copies of chromosome 8 and two copies of chromosome 11, is shown. Right: FISH on paraftin slides using a sex chromosome
(X) centromere probe on a male patient (case 408) is demonstrated. One copy of the X centromere is demonstrated in both nuclei of binucleated cells, indicating
that a normal mitosis precedes the formation of these cells, which are highly characteristic for chondrosarcoma. A meiosis-like division in binucleated cells is

therefore most probably not the cause of near-haploidy in chondrosarcoma.

70936.3 and 7921 whereas retention of heterozygosity is
seen at 7q34. Only one copy of chromosome 7 is found at
interphase FISH, indicating that in case 114 part of the
second copy of chromosome 7, containing band 7934, is
translocated to another chromosome.

Case 178 has LOH for chromosomes 4, 6, 10, 11, and
X which demonstrate either one or two copies at inter-

Table 4.

phase FISH. Some of the chromosomes with either two or
four copies (chromosomes 7, 15, and 18) at FISH at
interphase nuclei, have retention of heterozygosity, whereas
others (chromosomes 1, 8, 9, and 17) show LOH, probably
because of additional mitotic recombination.

Both cases 215 and 262 reveal LOH for most of the
chromosomes found to be present in two copies by FISH

Results of FISH, LOH, and CGH Summarized for Each Case

Case FISH

LOH CGH

114 1copy: 1,6,7, 8,9, 10, 11, 16, 17,
18, 20, X, Y
2 copies:12, 15

408 0O copies: Y
1 copy: 1, 6, 8,10,11,16,17, X
2 copies: 7,9, 12, 15, 18, 20

178 1 or 2 copies: 6, 10, 11 X

2 or 4 copies: 1,7, 8,9, 12, 15, 16,
17,18

262 2 copies: 1,3,6,7,8,9, 10, 11, 15,
16, 17, 18
4 copies: 12, 20, X

215 1 copy: X
2 copies: 1, 3, 6,9, 10, 11, 12, 16, 18

3 copies: 7, 8, 17
4 copies: 15

17,18, X

LOH: 1, 4,6, 8,9, 10, 11, 13p11-g11,
14,17, 22, X
ROH: 2, 3, 5, 7, 13934, 15, 18, 19

LOH: 1,2,3,4,6,7,8,9, 11, 13, 14,
17p12, 17g12-21, 18
ROH: 12, 17p13-g25, 19, 20, 22, X

LOH: 1,3, 4,5,6,9, 10, 11, 14, 16,

ROH: 19, 20, 21
Inconclusive: 7, 8, 13

LOH: 1, 3,4, 5,6, 7921, 7936, 8, 9, 11, Over: 12, 15, 20, X
13p11-g11, 14,17, 19, 22
ROH: 7934, 12, 13934, 15, 21

LOH: 1, 3, 4, 6, 7931-32, 8, 14, 16, 17
ROH: 2, 7g32-gter, 9, 12, 15, 18, 19, 20

Over: 2, 3, 5, 7q, 8, 12, 18

Under: 9p, 10, 11, 14, 17p, 22, X

Unsuccessful hybridization

Normal

Near-haploidy is confirmed in case 114 and 408, demonstrating only one copy and LOH of most chromosomes. Few chromosomes are disomic,
with retention of heterozygosity and over-representation at CGH. Case 178 contains both a near-haploid clone with chromosomes in monosomic and
disomic state, and an exactly duplicated clone. Cases 262 and 215 clearly demonstrate polyploidization since most chromosomes show both LOH as
well as 2 copies at FISH, while few chromosomes have 4 copies combined with retention of heterozygosity. Abbreviations: LOH, loss of heterozygosity,

ROH, retention of heterozygosity.
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at interphase nuclei. In case 262 retention of heterozy-
gosity is associated with four copies at FISH analysis
(chromosomes 12, 20, and X). In case 215 the presence
of three copies of chromosomes 7 and 8 is reflected in
inconclusive allelic imbalance ratios (1.5 to 1.63). These
chromosomes were therefore most probably not involved
in haploidization and lost one of four copies after
polyploidization.

Using the blood of the father of patient 178, we have
determined that for markers D1S1612, D1S1663,
D6S127, and D10S1435 the paternal allele is involved in
LOH, whereas for D85136, D13S787, D14S749, D1751308,
D225689, and DXS6789 the maternal allele is involved. This
refutes a bias for loss of either paternal or maternal chro-
mosomes in this tumor.

CGH

For case 114, overrepresentation is found for chromo-
somes 12, 15, 20, and X. Of chromosomes 12 and 15 two
copies are found at FISH at interphase nuclei, combined
with retention of heterozygosity. Because most chromo-
somes in case 114 are lost, CGH identifies one copy as
balanced, and the retained chromosomes are seen as
overrepresented.

The CGH data of case 178 show results typical of
intermediate ploidy. Because CGH normalization is
based on the average ploidy of the cell, the average in
this case does not represent either one or two copies, but
a value in between. Chromosome regions which are
present in one copy are seen as underrepresented,
whereas the regions with two copies are seen as over-
represented.?® For chromosomes that present a flat pro-
file in all its length, a perfect correlation is seen with FISH
results using centromeric probes, which showed one
signal for underrepresented chromosomes (chromo-
somes 6, 10, 11, and X) and two for overrepresented
(chromosomes 7, 8, 12, 15, and 18). Some chromosomes
did not present a flat CGH profile, and have a different
copy number of their long and short arms (chromosomes
1, 9, 16, and 17). In these cases, it is assumed that
structural chromosome rearrangements occurred, and
the number of centromeric signals might represent either
the copy number of the long or the short arm.

CGH of case 215 reveals no aberrations. This is not
surprising, because the 3:2 ratio (chromosomes 7, 8, and
17) present in maximum 50% of the cells is close to the
limit of sensitivity of CGH.?* CGH results are summarized
in Table 4.

Discussion

Near-haploidy is a very rare phenomenon in solid tumors.
It is more frequently found in hematological disorders,
especially in acute lymphoblastic leukemia®® and blast
phase of chronic myelocytic leukemia.?® In the literature
we have found only 29 different solid tumors documented
cytogenetically to contain near-haploid stem lines with
<38 chromosomes, including both epithelial as well as
mesenchymal neoplasms.’©~"227-46 Three of these 29

solid tumors are conventional chondrosarcomas with 29
to 37 chromosomes.*® In the present study we clearly dem-
onstrate the presence of near-haploidy and polyploidization in
five additional peripheral conventional chondrosarco-
mas. Near-haploidy is absent in central chondrosarco-
mas.® Compared to other solid tumors, near-haploidy is
therefore a relatively frequent phenomenon in peripheral
chondrosarcoma.

The mechanism leading to near-haploidy in general is
unknown. Speculations include a meiosis-like divi-
sion,'®3% apnormal mitoses such as multipolar mitosis in
tri- or tetraploid, mostly multinucleated cells,'0:26.28.:47.48
extreme nondisjunction,?® sequential nonrandom loss
and telomeric associations leading to unstable dicentric
chromosomes that will be eliminated during subsequent
cell divisions.?®

Near-haploidy may suggest a preceding meiosis-like
division, especially in the binucleated cells that are highly
characteristic for chondrosarcoma. However, by study-
ing segregation of the sex chromosomes in binucleated
cells in case 408, we show that a normal mitosis pre-
cedes the formation of binucleated cells in this tumor.
Furthermore, by studying DNA isolated from a relative of
patient 178 we demonstrate that the chromosome loss in
case 178 is random regardless of parental origin. Finally,
FISH at interphase nuclei shows retention of both sex
chromosomes in case 114. Thus, a meiosis-like division is
most probably not the cause of near-haploidy in chon-
drosarcoma.

Therefore, a selective process of chromosomal loss
during several rounds of mitosis most probably results in
tumor cells that have an advantage in the tumorigenic
process in chondrosarcoma. Chondrosarcomas demon-
strating near-haploid clones are predominantly low grade
(grade | and grade I, 2x) in our series and grade | (2x)
and grade lll in the literature.*®) Follow-up revealed pro-
longed disease-free survival for our patients, which is
consistent with the favorable prognosis suggested for
solid tumors with very low chromosome numbers.24°
Low-grade chondrosarcomas are well differentiated,
have a remarkably slow growth rate, and as in normal
cartilage the supply of nutrients by blood vessels is lim-
ited.5%5" Tumor cells must be able to survive this low
state of energy and may do so by decreasing their DNA
content, thereby decreasing nucleic acid and protein
(histone and other nuclear protein) synthesis.

Sixteen (55%) out of the 29 near-haploid solid tumors
documented cytogenetically show polyploidization of the
near-haploid stem line. We could still identify the near-
haploid fraction (0.76) as well as the polyploid fraction
(1.56) in case 178, and FISH data confirm the presence
of a clone with chromosomes either in monosomic or
disomic state, and a clone in which all copy numbers are
exactly doubled. LOH and FISH data are not completely
concordant, probably because of mitotic recombination
instead of true chromosome loss leading to LOH at chro-
mosomes 1, 8, 9, and 17. These chromosomes are de-
scribed to be involved in LOH in chondrosarcoma.®

We postulated that cases 262 and 215 with unusually
high percentages of LOH in a previous study had evolved
from polyploidization of near-haploid clones.® Indeed, of



most chromosomes two copies are found displaying
LOH, whereas few chromosomes demonstrate four cop-
ies at interphase FISH combined with retention of het-
erozygosity. Remarkably, both tumors are high-grade
chondrosarcomas with multiple local recurrences and
development of lung metastases during follow-up. This
would suggest that progression from low grade to high
grade, which is observed to occur in chondrosarco-
ma,'°? is characterized by polyploidization (Figure 4).
The first alteration, loss of many chromosomes leading to
near-haploidy, can still be detected, either as a distinct
clone (such as seen in case 178), or only as a high LOH
percentage after polyploidization and total overgrowth of
the near-haploid clone.

Loss of certain chromosomes (regions) may lead to
inactivation of tumor suppressor genes, resulting in ma-
lignant transformation. Chromosomes 2 (81%), 3 (81%), 4
(81%), 6 (88%), 11 (80%), 13 (81%), 14 (77%), 16 (76%),
and 17 (77%) were preferentially lost in the 29 near-
haploid solid tumors documented in the literature. In the
present study, chromosomes 6, 10, and 11 were mono-
somic in all five tumors. These data may suggest that
important tumor suppressor genes are located at chro-
mosomes 6 and 11. At chromosome 11p11-p12 the EXT2
gene, one of the genes involved in hereditary multiple
exostoses, is located.®® LOH is frequently demonstrated
at 11p11-p12 in chondrosarcomas.®>**°° Although three
patients had a hereditary multiple exostoses syndrome
phenotype, no mutations were found in the EXT2 gene in
these tumors as was documented in a previous study.®®
Chromosome 10 frequently demonstrates LOH in chon-
drosarcoma, especially at 10g11.2.%7

On the other hand the presence of two copies of cer-
tain chromosomes may be essential for growth of trans-
formed cells. In the 29 near-haploid solid tumors re-
trieved from the literature, chromosome 7 is present in
disomic state in 67% of near-haploid solid tumors. More-
over, of 27 hypodiploid solid tumors detected by DNA
flow cytometry none demonstrated loss of chromosome
7.%8 In the present study, four cases demonstrate at least
two copies of chromosome 7. In case 114 part of chro-
mosome 7, including band 7q34, is translocated to an-
other chromosome. In case 408, the 7g32-7qgter region
also shows retention of heterozygosity whereas 7g31-32
has LOH. Thus, at least two copies of the 7g32-7qter
region is present in all five peripheral chondrosarcomas.
This suggests that the presence of only one chromo-
somal copy of this region is deleterious for cells. One
explanation may be that part of this region is either pa-
ternally or maternally inactivated. Remarkably a pater-
nally imprinted gene PRG1/MEST was identified in this
region.>®

In conclusion, we clearly demonstrate near-haploidy
and polyploidization in a subset of peripheral chondro-
sarcoma. Near-haploidy is a relatively frequent phenom-
enon in peripheral chondrosarcoma as compared to
other solid tumors. We demonstrate that in contrast to the
evident loss of chromosomes in tumors demonstrating
near-haploidy, after polyploidization with complete over-
growth of the near-haploid clone the initial loss of chro-
mosomes can be recognized only by an unusually high

Near-Haploidy in Chondrosarcoma 1593
AJP November 2000, Vol. 157, No. 5

cartilaginous cell
growth plate

inactivation both
copies EXT1
(hereditary cases)

osteochondroma

Genetic instability
including
near-haploidy

low-grade
chondrosarcoma

polyploidization

high-grade
chondrosarcoma

Figure 4. Multistep genetic model for peripheral cartilaginous tumorigenesis.
First, inactivation of both copies of the EX77 gene in cartilaginous cells of the
growth plate is required for osteochondroma formation, as we previously
showed by EXT7 germline mutations combined with loss of the remaining
wild-type allele in hereditary osteochondromas.>® If complete inactivation
occurs in sporadic cases remains to be investigated. One or more additional
genetic alterations, which may involve the EX7-genes, 7P53 and RBI as
indicated by a high percentage of LOH at these loci,” are then required for
peripheral chondrosarcomas to arise within its benign precursor. The process
of malignant transformation is genetically represented by chromosomal in-
stability as demonstrated by a high percentage of LOH involving various
chromosomes and a broad range in DNA ploidy including near-haploidy.
This may be caused by defective cell-cycle checkpoints. In osteochondro-
mas, near-haploidy is absent®® and can therefore be considered a progression
marker toward a low-grade malignant phenotype. Further progression to-
ward high-grade chondrosarcoma is characterized by polyploidization.

LOH percentage involving several chromosomes. The
frequency of near-haploidy in chondrosarcoma will there-
fore probably even be higher than expected based on
DNA flow cytometric and cytogenetic data alone. We
previously proposed a model for peripheral chondrosar-
coma tumorigenesis, generally arising within benign spo-
radic or hereditary osteochondromas (Figure 4).5°¢ Inac-
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tivation of both copies of an EXT gene was demonstrated
to be required for (hereditary) osteochondroma develop-
ment.®® During malignant transformation additional ge-
netic alterations are obtained,® probably causing defects
in mitotic checkpoints leading to chromosomal instability
which in turn may cause aneuploidy including near-hap-
loidy.®° In osteochondromas near-haploidy is absent®' 62
and near-haploidy can therefore be considered a pro-
gression marker toward a low-grade malignant pheno-
type. Our results suggest that further progression toward high-
grade chondrosarcoma is characterized by polyploidization.
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